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We report the results of 77 Se-nuclear magnetic resonance (NMR) in cv-FeSe, which exhibits a 
similar crystal structure to the LaFeAsOi-zF^ superconductor and shows superconductivity at 
8 K. The nuclear-spin lattice relaxation rate 1 /Ti shows T behavior below the superconducting 
transition temperature T c without a coherence peak. The T\T = const, behavior, indicative of 
the Fermi liquid state, can be seen in a wide temperature range above T c . The superconductivity 
in a-FeSe is also an unconventional one as well as LaFeAsOi-^Fz and related materials. The 
FeAs layer is not essential for the occurrence of the unconventional superconductivity. 
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The recent rapid development in new superconduc- 
tors containing Fe element is remarkable. Immediately 
after the discovery of superconductivity at 26 K in 
LaFeAsOi-^Fj; (ZrCuSiAs-type structure), 1 a much 
higher T c was discovered in Nd- or Sm-substituted 
isostructural systems and also under pressure. 2-5 More- 
over, the superconductivity in oxygen-free systems 
such as (Bai_ K K 2; )Fe2As2 (ThCr 2 Si2 type structure) or 
Lii_ a; FeAs has been discovered. 6 ' 7 LaFeAsOi-zFa; and 
BaFe2As2 undergo magnetic ordering at low tempera- 
tures accompanied by the structural transition, implying 
that magnetic interactions are related with the occur- 
rence of superconductivity. 8,9 However, the mechanism 
of superconductivity in FeAs-based systems is a contro- 
versial issue. 

Quite recently, Hsu et al. have discovered super- 
conductivity at 8 K in a-FeSe. 10 This crystal struc- 
ture belongs to the tetragonal symmetry (PbO-type 
structure:P4/nmm) at room temperature. Interestingly, 
a-FeSe is composed of stacking layers of FeSe, similarly 
to LaFeAsOi_ x F K and related materials with FeAs lay- 
ers. The band structure calculated by Subedi et al. shows 
remarkable similarity to those of the FeAs-based super- 
conductors. 11 Furthermore, the T c in FeSe shows a rapid 
increase under pressure, reaching an onset value of 27 
K at 1.48 GPa. 12 It is of great interest to investigate 
whether the superconductivity in a-FeSe has the same 
origin as those in materials containing FeAs layers. 

Here, we report the symmetry of superconducting gap 
and the magnetic properties in the normal state in a- 
FeSe by 77 Se-nuclear magnetic resonance (NMR) mea- 
surement. A polycrystalline sample is prepared by the 
solid state reaction method, as described in refs. 12 and 
13, and powdered for NMR measurement. X-ray diffrac- 
tion and neutron diffraction measurements using the 
sample made by the same procedure show that the actual 
composition of the sample is FeSeo.92 due to a deficit of 
Se and that an impurity phase (hexagonal /3-FeSe) exists 
_ 12,13 N te that the sample reported by Hsu et al. was 



FeSeo.88; but both our and Hsu et a/.'s samples show zero 
resistance at T c — 8 K. The resistivity and magnetization 
of our sample are reported in ref. 12. The diamagnetic re- 
sponse of the sample is not large, 12 but we show through 
NMR measurement that the superconductivity in FeSe 
is intrinsic. The NMR measurement was performed by a 
standard spin-echo method. 

Figure 1 shows the 77 Se-NMR spectra measured at 
~ 7 T. 77 Se has a nuclear spin of I = 1/2, a gy- 
romagnetic ratio of 7jv = 8.13 MHz/T, and a nat- 
ural abundance of 7.5%. There is no significant dif- 
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Fig. 1. 'Se— NMR spectra measured at the NMR frequency of 
56.86 MHz for FeSe. The arrow indicates K = for 77 Se nucleus. 
The spectral shape is not a typical powder pattern but of a simple 
Lorentzian type. A small shift was observed below T C (H = 7T) ~ 
6 K. 
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ference in the spectra between 100 and 2 K. The 
spectrum is composed of one Lorentzian shape, and 
shows no typical powder pattern with an anisotropic 
Knight shift, indicative of an isotropic Knight shift. 
The Knight shift and linewidth are displayed in Fig. 2. 
The linewidth is estimated by Lorentzian fitting. The 
Knight shift shows a slight decrease with decreasing tem- 
perature, but is almost temperature- independent. The 
Knight shift (K) is composed of the spin part (K s ) 
and temperature- independent orbital part (K orh ), that 
is, K(T) = K S (T) + K orb . 
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Fig. 2. Temperature dependences of (a) Knight shift and (b) 
linewidth. There is no remarkable change in the Knight shift and 
linewidth at around the structural transition temperature T a = 
100 K or 70 K. Linewidth is almost temperature-independent 
down to the lowest temperature, suggesting the absence of static 
magnetic ordering, (c) Knight shift below 12 K. The slight de- 
crease in K is observed below T C (H = 7T) ~6K. 



In the normal state, the weak temperature depen- 
dence of K suggests that K is predominated by K or b, 
or that temperature dependence of K s is weak. Note 
that the static susceptibility is also almost independent 
of temperature. 12 However, because of the weak temper- 
ature dependence of K, it is difficult to distinguish be- 
tween the spin part and orbital part in Knight shift from 
the present data. The X-ray diffraction measurement 
shows a structural phase transition from tetragonal to 
orthorhombic at around T s = 100 K or 70 K. 10 ' 13 At the 
present stage, we observe no corresponding significant 
anomaly. The linewidth is also temperature-independent, 
as shown in Fig. 2(b). It is noted that there is no signa- 



ture of magnetic ordering below T s , although antifcrro- 
magnetic ordering occurs in low-doping LaFeAsOi-^Fa; 
and BaFe2As2 systems accompanied by structural tran- 
sition. 8,9 

At low temperatures, the spectrum shows the slight 
shift to a higher field side in the superconducting state. 
The shift between 10 and 2 K is estimated to be ~ 5 
Oe. The linewidth is unchanged below T C (H) within an 
experimental error of 5 Oe, indicative of a large pene- 
tration depth A. If we assume that the broadening by 
diamagnetism is within experimental error, A is roughly 
estimated to be 3600 ~ 5000 A. Using the coherence 
length £ = 35 A estimated from the upper critical field, 12 
we obtain a diamagnetic field of ~ 2 Oe. At the present 
stage, it is difficult to conclude whether the shift of 5 
Oe originates from the decrease in K s . Although we de- 
creased the magnetic field down to 2 T, the shift of the 
spectrum was small as well. In PrFeAsO0.89F0.11, on the 
other hand, the decrease in Knight shift for the 75 As nu- 
cleus was observed below T c owing to the spin-singlct 
pairing. 14 In the case of FeSe, Knight shift for the 77 Se 
nucleus may be predominated by the orbital part. Actu- 
ally, band calculation suggests that the density of state 
at the Fermi level is predominated by the Fe d-orbit, 
and that the contributions of Se orbits are quite small. 15 
Further careful measurement using a high-quality single 
crystal is needed for the determination of spin singlet or 
spin triplet. 

The nuclear-spin lattice relaxation time Ti was mea- 
sured at the peak of the spectrum. The recovery curves 
at several temperatures are shown in Fig. 3. The m(t) = 
[Mo—M(t)]/Mo does not follow a single exponential func- 
tion expected in the case of the —1/2 1/2 tran- 
sition for the 7=1/2 nucleus. We consider that this is 
attributed to an imperfection in the crystal structure, 
the contribution of impurity phases, or the anisotropy of 
1/Ti. To determine Ti, we tentatively used the stretch 
type function m(t) = Aexp(-(t/Ti') Q ). We fixed the 
stretch coefficient a = 0.6, because the accuracy of our 
data did not allow us to treat a as a fitting parameter. 
As shown in the figure, this function follows m(t) well in 
a wide temperature range even below T c . If the contribu- 
tion from the impurity phases is significant, the fitting 
function changes markedly with temperature, particu- 
larly below T c . The unchanged fitting function ensures 
that the obtained Ti mainly originates from the major- 
ity phase, that is, a-FeSe. 

The nuclear-spin lattice relaxation rate 1/Ti measured 
at 2 T is displayed in Fig. 4. The data at 7 T above T c 
are also plotted. The T c at 2 T is confirmed to be 7 K by 
the insitu ac susceptibility measurement using an NMR 
pick-up coil. 1/Ti shows a drop just below T c and follows 
the T 3 dependence down to 1.5 K (~ 0.2T C ). The fitting 
function for the recovery curve shows no distinct change 
even just below T c (6.5 K), as shown in Fig. 3. There is 
no signature of a coherence peak that is characteristic of 
the phonon-mediated conventional s-wave superconduc- 
tor. These experimental facts suggest that the supercon- 
ductivity in a-FeSe is anisotropic with lines of vanishing 
gap on the Fermi surface. The temperature dependence 
of 1/Ti below T c is quite similar to other NMR data 
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Fig. 3. The recovery curves measured at 30, 8, 6.5, and 2.7 K 
under 2 T. The m{t) = [M - M(t)]/M docs not follow the 
single exponential function probably owing to an imperfection in 
the crystal structure, the contribution of the impurity phases, or 
the anisotropy of 1/Ti. The solid curves are the fitting function 
of m(t) = Acxp(-(i/Ti) a ) with a = 0.6. This function follows 
m(t) at all temperatures even below T C (H = 2T) = 7 K. 



of LaFeAsOi-^Fj. and LaFeAsO .6- 16 18 The magnitude 
of superconducting gap A depends on the assumed gap 
function, but we confirmed that 2 A/fee T c in FeSe is al 
most the same as that in LaFeAsOi-^Fj; (x = 0.11 
Within experimental accuracy, there is no structure indi- 
cating the multigap superconductivity below T c as seen 
in PrFcAsO0.89F0.11 with T c = 45 K. 14 

In the normal state, 1/Ti's at 2 T and 7 T show al- 
most the same temperature dependences. The 1/Ti in- 
dicates the relation T\T = const, above T c up to at 
least ~ 50 K. The behavior of T\T — const, indicates 
the Fermi liquid state, in contrast with LaFeAsOi_ x F x 
and LaFeAsOo.6- 16-18 In the case of LaFeAsOi-^Fj. 
(x = 0.04), \jT{T increases with decreasing temperature 
down to 30 K, showing a Curie- Weiss temperature de- 
pendence. 16 In the case of LaFeAsOi-^Fj; (x = 0.11 and 
0.10) and LaFeAsOo.6, 1/TiT decreases with decreasing 
temperature. 16-18 They have suggested the existence of 
a pseudogap. The 1/Ti in FeSe shows no pseudogap be- 
havior up to ~ 100 K. 

The unconventional superconductivity with TiT = 
const, has been reported in some materials such as 
Sr 2 Ru04, heavy- fermion systems Celrln 5 and CeCu2Si2 
under pressures. 19-21 In these materials, it is controver- 
sial what triggers the unconventional superconductivity. 
Our data for FeSe suggest that low-energy spin fluctua- 
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Fig. 4. Temperature dependences of 1/Ti at 2 T and 7 T. The 
data at 7 T are plotted only above T c . The 1/Ti exhibits the T 3 
dependence below T C (H) and is proportional to T above T C (H). 
There is no coherence peak just below T C (H). 



tions are not essential for the occurrence of superconduc- 
tivity. To investigate why T c increases under pressure in 
FeSe is a clue to the elucidation of the superconducting 
mechanism. 12 

In summary, we have investigated 77 Se-NMR measure- 
ment in the newly discovered iron-based superconductor 
FeSe. There is no signature of magnetic ordering down 
to the lowest temperature. In the normal state, \jT\T is 
temperature-independent within experimental error, in 
contrast to the already-reported FeAs-based supercon- 
ductors. 16-18 We found that FeSe is far from magnetic 
instability. 1 jT\ shows a rapid drop below T c without the 
coherence peak, following the T 3 behavior at low temper- 
atures. Our measurements suggest that the unconven- 
tional superconductivity with line nodes is realized in 
the Fermi liquid state in FeSe. To our knowledge, this is 
the first binary compound to show unconventional super- 
conductivity in ci-electron systems. We should note that 
recent theoretical works have pointed out the absence of 
the coherence peak and the power-law behavior in l/Ti 
in the framework of a fully gapped s± scenario. 22 ' 23 Our 
data clearly show the T 3 behavior below T c , which is 
close to the line-node model, however, further careful in- 
vestigations may be needed. It is a future issue whether 
the superconductivity in FeSe is of completely the same 
origin as those in FeAs-based superconductors. Nonethe- 
less, this arsenic-free material opens a new route for the 
development of iron-based superconductivity. 

We thank H. Harima for helpful discussions. This work 
has been partly supported by Grant-in- Aids for Scientific 



4 J. Phys. Soc. Jpn. 



Full Paper. 



Author Name 



Research (Nos. 19105006, 19204036, 19014016, 19051014, 
19340103, 19014018, and 20045010) from the Ministry 
of Education, Culture, Sports, Science, and Technology 
(MEXT) of Japan. One of the authors (S.M.) has been 
financially supported as a JSPS Research Fellow. 

1) Y. Kamihara, T. Watanabe, M. Hirano, and H. Hosono: J. Am. 
Chem. Soc. 130 (2008) 3296. 

2) Z.-A. Ren, W. Lu, J. Yang, W. Yi, X.-L. Shen, C. Zheng, G.-C. 
Che, X.-L. Dong, L.-L. Sun, F. Zhou, and Z.-X. Zhao: Chinese 
Phys. Lett. 25 (2008) 2215. 

3) X. F. Chen, T. Wu, G. Wu, R. H. Liu, H. Chen, and D.F. Fang: 
Nature 453 (2008) 761. 

4) H. Kito, H. Eisaki, and A. Iyo: J. Phys. Soc. Jpn. 77 (2008) 
063707. 

5) H. Takahashi, K. Igawa, K. Arii, Y. Kamihara, M. Hirano, and 
H. Hosono: Nature 453 (2008) 376. 

6) M. Rotter, M. Tegel, and D. Johrcndt: Phys. Rev. Lett. 101 
107006 (2008). 

7) X. C. Wang, Q. Q. Liu, Y. X. Lv, W. B. Gao, L. X. Yang, R. 
C. Yu, F. Y. Li, and C. Q. Jin: arXiv:0806.4688 (2008). 

8) C. de La Cruz, Q. Huang, J. W. Lynn, Jiying Li, W. Ratcliff 
II, J. L. Zarcstky, H. A. Mook, G. F. Chen, J. L. Luo, N. L. 
Wang, and P. Dai: Nature 453 (2008) 899. 

9) M. Rotter, M. Tegel, I. Schellenberg, W. Hermes, R. Pottgen, 
and D. Johrcndt: Phys. Rev. B 78 (2008) 020503(R). 

10) F.-C. Hsu, J.-Y. Luo, K.-W Yeh, T.-K. Chen, T.-W. Huang, 
P. M. Wu, Y.-C. Lee, Y.-L. Huang, Y.-Y. Chu, D.-C. Yan, and 
M.-K. Wu: arXiv:0807.2369 (2008). 



11) A. Subcdi, L. Zhang, D. J. Singh, and M. H. Du: 
arXiv:0807.4312 (2008). 

12) Y. Mizuguchi, F. Tomioka, S. Tsuda, T. Yamaguchi, and Y. 
Takano: arXiv:0807.4315 (2008). 

13) S. Margadonna, Y. Takabayashi, M. T. McDonald, K. 
Kasperkiewicz, Y. Mizuguchi, Y. Takano, A. N. Fitch, E. 
Suardc, and K. Prassides: arXiv:0807.4610 (2008). 

14) K. Matano, Z. A. Ren, X. L. Dong, L. L. Sun, Z. X. Zhao, and 

G. -q. Zheng: Europhys. Lett. 83 (2008) 57001. 

15) H. Harima: private communication. 

16) Y. Nakai, K. Ishida, Y. Kamihara, M. Hirano, and H. Hosono: 
J. Phys. Soc. Jpn. 77 (2008) 073701. 

17) H.-J. Grafc, D. Paar, G. Lang, N. J. Curro, G. Behr, J. Werner, 
J. Hamann-Borrero, C. Hess, N. Leps, R. Klingeler, and B. 
Biichner: Phys. Rev. Lett. 101 (2008) 047003. 

18) H. Mukuda, N. Terasaki, H. Kinouchi, M. Yashima, Y. Kitaoka, 
S. Suzuki, S. Miyasaka, S. Tajima, K. Miyazawa, P. Shiragc, 

H. Kito, H. Eisaki, and A. Iyo: J. Phys. Soc. Jpn. 77 (2008) 
093704. 

19) K. Ishida, H. Mukuda, Y. Kitaoka, Z. Q. Mao, Y. Mori, and 
Y. Maeno: Phys. Rev. Lett. 84 (2000) 5387. 

20) S. Kawasaki, G.-q. Zheng, H. Kan, Y. Kitaoka, H. Shishido, 
and Y. Onuki: Phys. Rev. Lett. 94 (2005) 037007. 

21) K. Fujiwara, K. Kobayashi, K. Miyoshi, J. Takeuchi, Y. Shi- 
maoka, H. Kotcgawa, T.C. Kobayashi, C. Geibel, and F. 
Stcglich: to be submitted. 

22) D. Parker, O. V. Dolgov, M. M. Korshunov, A. A. Golubov, 
and I. I. Mazin: arXiv:0807.3729 (2008). 

23) A. V. Chubukov, D. Efrcmov, and I. Ercmin: arXiv:0807.3735 
(2008). 



